Abstract : Development of novel conducting polymers (CPs) is expected to facilitate the advancement of functional materials used for energy, environmental, and nanotechnology. Recent research efforts are focused on doping CPs with functional dopants to enhance their performance or add additional functions that are not inherent in CPs. This review surveys literatures about the doped CPs focusing on the roles of functional dopants, unlike other reviews focusing on the development of new conducting polymer backbones. The functional dopants presented in this review include redox active molecules, carbon nanomaterials, biopolymers, and chelating molecules. Depending on the dopants and their physicochemical properties, the doped CPs can be used for a variety of applications such as polymer batteries, membranes for waste water treatment, and chemical sensors. A major challenge of the CPs is presented and the ways to overcome the challenge is also suggested for the future development of stable, high performance CPs.
Introduction
Heeger, MacDiarmid and Shirakawa were awarded the Nobel Prize in Chemistry in 2000 for their seminal discovery and following development of "plastics that conduct electricity". The initial discovery of conducting polymers (CP) occurred in 1977, where it was shown that polyacetylene (pAcetyl) doped with iodine was an electrical conductor [1, 2] . The discovery of other conductive polymers followed, including polypyrrole (pPy), polythiophene (pThio) and polyaniline (pAni) [3] [4] [5] . Several new concepts (polarons, bipolarons and solitons) were introduced to explain how ionic-charge carriers were responsible for metallic conductivity in these materials.
All conducting polymers consist of a conjugated system of single and double bonds that alternate along a planar or nearplanar sequence. If the electrons within this system were completely delocalized, all of the bonds lengths along the polymer backbone would be identical and the polymer would exhibit metallic behavior (i.e., no band gap between the valence band (VB) and conduction band (CB)). Structural distortions caused by strong coupling between the -electrons and the vibrational modes (phonon) of the polymer backbone, however, remove the singularity in bond length and consequently limit delocalization.
As such, these materials behave as wide band-gap semiconductors.
Doping (predominantly p-doping) of these polymers is an essential process to making them electrically conductive [5, 6] .
Doping of CPs has a tremendous effect on the electrical properties of these materials by modifying their band gap. Polymer backbone of CP is oxidized (p-doped) or reduced (n-doped) when dopants are introduced. Alternatively, dopants are incorporated as counter ions into CP when the CP is oxidized or reduced.
The charges introduced into CPs during the doping processes combine with the distorted structure of the CP to form an ionic complex commonly referred to as a polaron or bipolaron (e.g., pPy) or solitons (e.g., pAcetyl). (Figure 1 To add extra functions to the basic characteristics of CPs, two different strategies have been employed. The first strategy is to modify monomers by adding pendant functional moiety [7] [8] [9] .
Pyrroles having electroactive species such as ferrocene on their nitrogen through covalent bonds is one example. The electroactivity of the modified monomers was transferred to their polymeric films [7] . As an alternative and simpler strategy, functional 
Redox-active dopants
Redox-active dopants include ferrocyanide {Fe(CN6)4-} [11, 12] , metallophthalocyanines (MePc) [13] [14] [15] [16] , metalloporphyrins (MePp) [17] [18] [19] , hydroquinonesulfonate (HQS) [20] , tris (2,2'-bipyridine)ruthenium(II) {Ru(bpy)32+} complexed with octasulfonatocalix [8] arene (Calx-S88-) [21] , indigo carmine (IC) [22, 23] , ABTS [23] , poly-ABTS and liginin [24] . CPs doped with redox-active molecules can be used as (i) electroactive electrodes in batteries; (ii) electrodes containing mediators to facilitate electron transfer between the active site of an enzyme and an electrode in a biofuel cell or between analytes and electrodes in biosensors; (iii) catalysts for oxygen reduction or oxidation of organic molecules; and (iv) electrodes in photovoltaics to generate photoinduced current.
The key requirements for a functional dopant to be used for electrochemical energy storage applications are that they have to be anionic and have reversible redox chemistry. Two different redox active molecules, ABTS and IC were used as a dopant for a polypyrrole battery cathode and an anode respectively [23] .
When two electrodes were combined to form a secondary polymer battery, it showed the open circuit potential ~0.5 V because that ABTS showed reversible electrochemistry at 570 mV and IC at 52 mV (vs. Ag/AgCl). The charge capacity of the battery was 54 C/g. Both of the dopants had two sulfonate substituents, so they remained anionic in both their oxidized and reduced forms. Elemental analysis revealed that the doping ratio (i.e.
ratio of pyrrole subunit to dopant) was estimated to be 10 to 1, giving one positive charge for every five subunit of pyrrole.
The concentration of the dopants in the polypyrrole was more than 30 times higher than their maximum concentration in water, demonstrating that doping of ABTS and IC could overcome their solubility limit. Therefore, larger amount of faradaic charge could be stored in the dopants in addition to the charge stored by the polypyrrole matrix. Moreover, redox reactions of theses dopants in a conducting polymer could be accessed much faster than those in solution, because their surface confinements enable overcoming the limit of the mass transfer of dopants.
Another interesting example of redox-active dopants is lingosulfonate that contains multiple quinone groups whose theoretical electronic charge density of is up to 1787 C/g [24] . and the overall capacitance of the films were-450 F/g ( Figure   3 (b)). Although, the values of capacitances decreased as the thickness and current rate increased ( Figure 3 (c)) mainly due to the diffusion limitations. However, these capacitance were higher than most of polypyrrole/ carbon composites [24] . Moreover, the lignin derivative is a cheap biopolymer that is commonly derived from wood as a byproduct of paper processing. Using the cheap renewable biopolymer as a dopant of polypyrrole is attractive idea that will lead to the development of low-cost electrodes.
Electrochromic dopants
Many redox-active dopants are also electrochromic, including metallophthalocyanines (MePc) [13] , metalloporphyrins (MePp) [17] , indigo carmine (IC) [25, 26] , ABTS [27, 28] , and poly-ABTS.
Incorporation of electrochromic dopants into CPs enables potential-driven changes in color in a CP film in addition to that of CP itself [13, 17, 27] . A single coating capable of exhibiting multiple colors (CMYK; cyan, magenta, yellow, black) has a technological importance because full color display can be achieved in a one-step deposition process.
To investigate the electrochromism of CPs films containing the electrochromic dopants, spectro-electrochemical studies are required. from 2~8 seconds. In general, thicker films showed a higher contrast with slower response. These films were electrochemically and electrochromically stable up to 1500 cycles when the potential applied was less than 0.6 V, whereas, it become unstable when the potential increased to 0.8 V. This instability was attributed to the overoxidation of pPy [27] . The instability of pPy could be improved by using poly (3,4-ethylenedioxythiophene) (PEDOT) conducting polymers. It was reported that PE-DOT doped with polymeric form of ABTS (poly-ABTS) exhibited an increased stability to potential cycling both because PEDOT was more resistant to over-oxidation than pPy and poly-ABTS was a non-leachable dopant [29] .
Biomolecular/Anchoring dopants
CPs have been doped with several biological molecules including heparin [30, 31] , dextran sulfate [32] , hyaluronic acid [33] , chitosan [34] , collagen [35] , growth factors [32, 36] , oligodeoxyguanylic acids [37] , ATP [38] , a silk-like polymer consisting of fibronectin fragments [39] , and the nonapeptide CDPGYIGSR, which corresponds to an amino-acid sequence in laminin that is known to mediate cell attachment and migration and to enhance neurite extension from dorsal root ganglia (DRG) [39] .
Unlike CPs in which molecules of interest are embedded as a dopant, polymeric dopants can be used to anchor molecules of interest on the surface of the CP film. For example, poly-Lglutamic acid (pGlu) was used as the dopant in pPy (pPy[pGlu]) (see Figure 5 ). pGlu has a long chain so that it is partly em- 
Conductive dopants
Functionalized carbon nanotubes (CNT) can be used as a dopant in CPs [42, 43] . The tips or walls of CNTs can be modified with functional groups using a variety of methods including chemical oxidation [43, 44] , covalent bond formation [45] , cycloaddition [46] , and -stacking of polycyclic molecules [46] . CNTs modified with anions such as carboxylates (CNT-COO-) were incorporated into pPy as dopants [42] . Impedance data showed that incorporation of CNTs into films of pPy resulted in an increase in the charging capacitance and the knee frequency of 
Chelating dopants
Permeability of CP membranes to metal ions can be enhanced by applying potential. When a membrane of CP doped with TS (p-toluenesulfonate, a non-functional dopant) is subjected to a reducing potential that is more negative than the cathodic peak potential of the CP, metal ions invade the membrane to neutralize excess negative charge associated with entrapped anionic dopants. Subsequently, when the CP membrane is subjected to an oxidizing potential that is more positive than the anodic peak potential of the CP, expulsion of metal ions from the CP membrane occurs. Repetition of this oxidation-reduction process ultimately transports metal ions across the CP membrane.
To enhance the flux of metal ions or to separate different metal ions, chelating ligands were used as a dopant in pPy [50] .
Bathocuproinedisulfonic acid (BCS) and 8-hydroxyquinoline-5-sulfonic acid (HQS', different from HQS in redox-active dopants) incorporated in pPy via electropolymerization using the aqueous solution containing pyrrole monomer and the chelating dopants.
The doping ratio was found to be 9:1 and 6:1, respectively, and the conductivity was 1. 
Challenges and Future direction
As we've seen in the previous sections, doping CPs with functional dopants impart specific functions to the materials or enhancement of their performance. However, one major challenge regarding these CPs is the decrease of performance over time. Therefore, in this section, we suggest the ways to improve the stability of the CPs doped with functional dopants, which may find its usefulness in the future development of new CPs.
Using multiple dopants
Most of aforementioned functional dopants were used as the sole dopant incorporated into CP matrix. To broaden the functionality or stability of the CPs, it will be preferable to use multiple functional dopants. As long as the dopant of interest is anionic, it can be added into the electrosynthesis solution containing the monomer of CP and other dopants, so that the multiple dopants can be incorporated into CP matrix. For example, both oxydoreductase and its mediator (e.g. ABTS) were incor- The number of dopants used for biofuel cell electrodes can be further increased to enhance their stability. Alginate is a natural polysaccharide which has been widely used for immobilizing enzyme to prevent fouling and leaching of the enzymes, and therefore improve their overall stability [52] . When alginate was used as a co-dopant of laccase and ABTS (Figure 7(a) ), the resulting polymer film showed unique bi-layer structure: an alginate hydrogel layer self-assembled around a pPy inner layer (see Figure 7 (b)) [53] . Linear sweep voltammetry revealed that the catalytic activity and the stability of the film could be controlled by the concentration of alginate used for the electrosynthesis.
At day four, the retention of the catalytic activity was about three times higher for the pPy films with alginate than those without alginate. This improvement in the performance and stability was attributed to the presence of alginate co-doped with mediator and enzyme in pPy film, showing the synergetic effect of multiple dopants for stability and performance.
Interplays between functional dopants/ electrolytes/ CPs
Many of CPs doped with functional dopants should be investigated thoroughly to improve their stability, because, unlike simple dopants, the physicochemical (or biological) properties of the functional dopants could directly affect the stability of the CP composites. Figure 8 
